Breast cancer
In 2011, 220,097 women were diagnosed with breast cancer in the United States. It is also the most prevalent type of cancer and the second most prevalent cause of death of cancer among women [1] . The standard treatment of a newly diagnosed breast cancer patient is surgical removal of the tumor, preceded by neoadjuvant chemotherapy in more advanced stages of the disease. Staging, the histological type of the tumor and detection of the expression of estrogen (ER), progesterone (PgR) and human epidermal growth factor 2 (HER2) receptors determine the choice of suitable additional therapy, such as chemotherapy, antihormonal or radiation therapy.
Positron emission tomography
Positron emission tomography (PET) is an imaging method that provides insight into the metabolism of glucose in tissues. PET uses the β + decay, which occurs only for certain radioactive isotopes, such as 18 F and 11 C. β + decay results in the creation of a positron, which is immediately annihilated in a reaction with an electron. This is accompanied by the creation of two γ photons, which are detected by the PET scanner. This allows one to locate the atom of a radioactive element which has undergone the β + decay. Such elements are used to label compounds and thus become PET tracers. The most widely used tracer is 18 F-fluorodeoxyglucose ( 18 F-FDG) [2] . It is very useful for the imaging of malignant lesions, as such tissues present increased glucose uptake. Fusion of PET and computed tomography (CT) images facilitates the anatomic interpretation and improves the diagnostic accuracy.
Detection of the primary tumor
Currently, PET is not used in breast cancer screening or diagnosing primary breast cancer. This is primarily due to the high prevalence of false negative results, particularly for tumors with a diameter smaller than 1 cm. The chief obstacle in the imaging of such tumors is the resolution of PET and the low metabolic activity of such lesions. The inferior sensitivity of PET in primary breast cancer detection has been repeatedly reported, when compared to ultrasonography (USG), magnetic resonance imaging (MR) and mammography [3] . A further difficulty is the fact that the 18 F-FDG uptake by breast tumors is variable. As invasive lobular breast cancer has a considerably lower 18 F-FDG uptake than invasive ductal cancer, the latter is much more commonly detected by PET (its detectability in PET scans is up to 95% [4, 5] ). Tumors with low metabolic activity may pose diagnostic difficulties, especially when the surrounding mammary tissue has a relatively high physiological glucose uptake. Standardized uptake value (SUV) in the healthy tissue is dependent on age (decreasing with age, particularly after menopause) and is correlated with breast density in mammography [6, 7] .
Triple negative breast cancer
Triple negative breast cancer has a higher 18 F-FDG uptake than ER+ PgR+ or ER+ or HER2+ tumors [8, 9] . This is due to the increased rate of glycolysis. Moreover, SUV max of such tumors was reported to be correlated with the proliferation index and response to treatment. It indicates a potential application of PET/CT in non-invasive monitoring of the tumor's response to treatment. However, it is a property typical only for triple negative tumors, as this correlation has never been reported for other types of breast cancer.
What is more, PET/CT examination results in changes of treatment among 14-16% of breast cancer patients in all stages [10, 11] . This confirms the future role of PET/CT as a method of thorough staging, particularly of tumors with a worse prognosis. Currently, the greatest obstacle is its high cost.
Inflammatory breast cancer
PET/CT has a high accuracy and sensitivity that reach 100% for inflammatory breast cancer (IBC) [12, 13] . The skin in the vicinity of the tumor is thickened, with an increased uptake of 18 F-FDG in 78% of cases, which is probably caused by inflammatory cell infiltration [12] . Retrospective studies conducted among stage III inflammatory breast cancer patients reported significantly increased recurrence-free survival (RFS) after the addition of PET/CT to the algorithm of the conventional procedures (bone scintigraphy, chest X-ray and CT) [14] . Currently, according to the National Comprehensive Cancer Network (NCCN) guidelines, mammography and USG are mandatory examinations for such patients, and PET/CT is among the optional procedures, with an emphasis on its clinical utility in an accurate staging [15] .
Breast incidentalomas in PET/CT
Breast incidentalomas are rarely detected during whole-body PET/CT examination. About a half of such lesions are malignant [16] . Otherwise, an increased 18 F-FDG uptake may be caused by acute or chronic inflammation, lactation, fibroadenomas or fat necrosis, and thus yield false positive results [17] . Therefore, a focal increased tracer uptake in breasts requires further diagnostics with mammography, USG and biopsy.
Breast cancer with a high risk of metastases
As mentioned above, the metabolic activity of breast cancer varies. The highest glucose uptake is observed for high-grade tumors, triple negative tumors (ER-, PgR-, HER2-) and IBC. These, in turn, pose a high risk of metastases, which are often present already at the time of diagnosis. As PET/CT examination allows for more accurate staging through detection of both lymph node and distant metastases, it might become a part of standard clinical practice as a method of thorough staging among patients with a high risk of disseminated cancer and numerous metastases.
According to the current American guidelines, such patients require a chest X-ray, USG or CT for liver assessment and bone scintigraphy prior to the initiation of treatment to rule out the presence of metastases [15] . However, all these methods applied together have a lower sensitivity and specificity than PET/CT in staging [18] . Furthermore, they are more time-consuming and involve numerous procedures. Hence it is currently a great concern to establish criteria that would allow the selection of breast cancer patients who would benefit the most from a routine PET/CT scan prior to the initiation of treatment.
Detection of lymph node metastases
The presence and number of lymph node metastases is the most important prognostic factor in breast cancer. Such metastases are detected among approximately 40% of patients [19] . According to the meta-analysis of Cooper et al., the specificity of PET and PET/CT in lymph node assessment is very high (94%), but their sensitivity rather low, equal to 63% (with only 11% for metastases with a diameter smaller than 2 mm) [20] . False positive results also occur and are usually caused by other neoplasms (such as lymphomas) or inflammation. This is why for patients with a history of a breast biopsy or chemotherapy there is a higher risk of a false positive result in PET examination. To compare, the average specificity of sentinel lymph node biopsy (SLNB) is practically equal to 100% and its sensitivity to 93% [21] . Therefore currently PET/CT does not have sufficient sensitivity to replace SLNB, despite its high specificity. A replacement of SLNB by a combination of PET/CT, mammography and USG would lead to an increase in sensitivity, but not accuracy [22] . SLNB is used for small, primary tumors (with a diameter of approximately 2-3 cm), with a low likelihood of lymph node metastases [23] . In other cases SLNB is an optional procedure, whereas if considerable lymph node metastases are suspected, it is not used (e.g. among patients with IBC). This is why among patients for whom SLNB is an optional procedure, PET/ CT could identify those for whom SLNB is sufficient and axillary lymph node dissection (ALND) is not necessary. As PET/CT has an insufficient negative predictive value, it cannot rule out the existence of metastases. However, due to its high positive predictive value, if metastatic lymph nodes are detected by PET/CT, SLNB is unnecessary and ALND can be conducted straightaway [23] . Moreover, false negative results in lymph node assessment occur usually when they are accompanied by unchanged or only slightly increased tracer uptake by the primary tumor (which is primarily the case for low-grade tumors), and false negative results are far less common for primary tumors with a bad prognosis, i.e. high-grade tumors [24] . It is an analogical situation to that of PET/CT in primary breast cancer diagnosis, i.e. PET/CT is not recommended for all patients, but for high-grade tumors it has numerous advantages, changes the treatment algorithm and benefits the patients. Figure 1 shows such a PET/CT examination of a breast cancer patient, where no distant or lymph node metastases were found, but a metabolically active primary tumor in the left breast was visualized. This is why in the future criteria might arise that would aim at selecting patients who would benefit the most from a routine PET/CT scan straightaway after breast cancer diagnosis.
Despite the low sensitivity of PET/CT, its important advantage cannot be overlooked -it allows for detection of lymph node metastases in the whole body, not limited only to axillary lymph nodes [25] . This is significant, as such metastases might require complementary radiotherapy treatment [26] . In the study of Aukema et al., conducted among stage II and III breast cancer patients, 28% of them had lymph node metastases beyond the axillae [25] . Their detection leads to changes in staging (among 17% 
Detection of distant metastases
PET/CT examination prior to neoadjuvant chemotherapy in stage II and III breast cancer allows the detection of distant metastases. Although it has superior sensitivity, specificity and accuracy when compared to conventional imaging modalities (biochemical analysis, chest X-ray, abdominal USG, bone scintigraphy), currently it is not a part of the routine work-up [10] . According to a meta-analysis, PET/CT sensitivity and specificity in detection of distant metastases are 96% and 95%, respectively. Among studies that compared PET/CT with conventional imaging modalities, sensitivity and specificity were 97% and 95% for PET/CT, A B C compared with 56% and 91% for the conventional workup [27] . For large, potentially operative tumors PET/CT has up to 100% sensitivity and 98% specificity in the detection of distant metastases, with 60% and 83%, respectively, for conventional imaging methods [28] . A relationship between SUV max of bone metastases and overall survival was found (also after multivariate analysis) among patients with metastatic breast cancer [29] .
Detection of bone metastases
In a recent meta-analysis, PET/CT sensitivity and specificity in detection of bone metastases were 93% and 99% (compared to 81% and 96% for bone scintigraphy) [30] . Therefore only PET, and not bone scintigraphy, can rule out the existence of bone metastases. Thanks to such high sensitivity and specificity, PET/CT could become a part of the routine work-up for patients with high-risk breast cancer (for which the likelihood of bone metastases is approximately 30% [31] ), as detection of distant metastases results in change of therapy. For bone metastases of breast cancer PET/CT generally has better sensitivity for osteolytic lesions.
Due to its high sensitivity and specificity, PET/CT is investigated as a technique of monitoring response to treatment of bone lesions -scintigraphy cannot be thus used, as despite effective treatment, bone lesions appear unchanged and remain positive for a longer time [32] . In a PET/CT examination, the osteolytic type of lesion is more likely in the case of lack of response to treatment, whereas sclerotization of the lesion is usually a sign of response to therapy [32] .
Detection of lung metastases
PET/CT has considerable sensitivity (77%), specificity (85%) and positive predictive value (89%) for lung metastases with a diameter exceeding 8 mm among breast cancer patients. This is due to the achievable resolution of PET/CT -for a diameter lower than 8 mm sensitivity decreases to only 17%. Therefore PET/CT is recommended only for lesions with a diameter greater than 8 mm, because then conducting a PET/CT scan results in a change of treatment among 41% of patients, thus optimizing the algorithm of therapy [33] .
Detection of brain metastases
Brain metastases are not as common as bone metastases -depending on the cohort, their prevalence varies. For instance, among 325 breast cancer patients, none had brain metastases. Nonetheless, this group was heterogeneous in regard to staging (e.g. SLNB yielded a positive result among 90 out of 312 women who underwent it) [34] . In contrast, among 31 patients with advanced breast cancer there were two with brain metastases. Both lesions were detected both in conventional imaging and PET/CT [35] .
Staging
Conventional imaging procedures can sometimes result in mistakes in staging, which is usually lower than in reality due to undetected metastases -depending on the stage, it can be the case among up to 40% of patients [18] .
Despite the abovementioned low sensitivity of PET in detection of primary breast cancer with low risk of metastases, this examination is suggested to be the appropriate method for thorough staging of breast cancer patients, as a method that allows for simultaneous assessment of lymph node and distant metastases [10] . It is only difficult to establish the cut-off value above which PET/CT should become embedded in the routine clinical practice of staging. It has been suggested that PET/CT ought to be recommended for patients with tumors at stage IIB or higher, as then the stage modification after PET/CT examination due to detection of additional lymph node metastases (N3 stage in the TNM system) for stage IIA was only 4.5%, and for higher stages it was considerably higher (31.7% for stage IIIA and 47.1% for stage IIIC) [18] . The NCCN recommends PET/CT or PET for stage IIIA (T3, N1, M0) or higher and for all lower stages if the results of conventional procedures have been inconclusive [15] .
Predicting prognosis
PET may also be used in the assessment of prognosis. Numerous studies have been conducted concerning prognostic factors and PET, but they yielded discrepant results, partly due to heterogeneous groups of patients. As glucose uptake (and thus the tumor SUV max ) decreases when the tumor becomes more differentiated, such tumors should have an increased SUV max , due to the enhanced expression of glucose transporter GLUT-1 and increased activity of cytoplasmic hexokinase [36] . Although SUV max of the primary tumor indeed is correlated with several factors associated with the probability of disease recurrence (e.g. tumors in stage III have a higher average SUV than other stages [5] ), it is not an independent prognostic factor.
Lymph node metastases are an established breast cancer prognostic factor. According to the study conducted by Song Bong-Il et al. among patients with invasive ductal carcinoma there was a correlation between SUV max of the metastatic lymph nodes and the probability of disease recurrence [37] . Statistical methods yielded the value of SUV max equal to 2.8 as an appropriate cut-off value to predict disease recurrence for the duration of the study.
Summary
PET/CT with 18 F-FDG tracer is not a part of the conventional work-up among breast cancer patients. The reasons why include the relatively low metabolic activity of certain types of tumors and the limited spatial resolution of the method. Nevertheless, in certain clinical situations PET/CT may be of great significance, as a method that affects the treatment algorithm (change of scope of the surgical procedure, change of the area subjected to radiotherapy, palliative treatment). Currently work is underway to establish criteria for selection of patients who would benefit most from a PET/CT scan. The technical improvements that enhance the resolution of PET/CT also indicate that this method will gain popularity among breast cancer patients in the foreseeable future.
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